S U M M A R Y Cervical somatosensory evoked potentials, brainstem evoked potentials, visual evoked potentials, and the cerebral contingent negative variation were recorded in patients with definite multiple sclerosis before, during, and after spinal cord stimulation. Improvements were seen in the cervical somatosensory and brainstem evoked potentials but neither the visual evoked potential nor the contingent negative variation changed in association with spinal cord stimulation. The results indicate that spinal cord stimulation acts at spinal and brainstem levels and that the clinical improvements seen in patients are caused by an action at these levels rather than by any cerebral arousal or motivational effect. The evoked potentials were not useful in predicting which patients were likely to respond to stimulation.
Epidural spinal cord stimulation (SCS) has been used for some years in the management of multiple sclerosis (Cook and Weinstein, 1973; Illis et al., 1976) . Illis et al. (1980) have published the early results of a trial of SCS in 19 patients with multiple sclerosis and showed a reduction of neurological deficit which was due to modification of central nervous system function and not to natural fluctuations in the disease, to a placebo effect, to increased motivation, or to training. Neurophysiological investigations were carried out on many of the patients in the trial and a preliminary report of some of the findings has been given Abraham et al., 1978) .
Cervical somatosensory evoked potentials (CSEP), brainstem auditory evoked potentials (BAEP), visual evoked potentials (VEP), and the contingent negative variation (CNV) were recorded in patients with definite multiple sclerosis before, during, and after treatment by SCS. It was proposed that, if SCS worked by modifying central nervous system function, changes would be ob-served in the evoked potentials which would give some indication of the site and mode of action of SCS. The short latency components of evoked potentials are relatively insensitive to psychological influence (Shagrass, 1977) . Any substantial changes in these early components would not, therefore, be attributed to psychological effects such as the placebo phenomenon. The CNV, however, is a slow event-related cortical potential which is classically susceptible to modification by psychological factors. It was, therefore, considered to be particularly suitable to investigate the possibility that the improvement in symptoms of multiple sclerosis after SCS was at least partly attributable to a placebo effect.
There have been no previous studies of the CSEP, BAEP, VEP, or CNV during SCS, but Larson et al. (1974) and Blair et al. (1975) report changes in the late components of the cortical somatosensory evoked potential in patients undergoing SCS for pain. Blair et al. (1975) showed a reduction of amplitude of late components (more than 200 ms) but the short latency responses were unchanged by SCS. These studies were done on patients with pain and normal nervous systems 16 whereas the present paper concerns multiple sclerosis patients with damaged nervous systems and abnormal evoked potentials.
Subjects and methods
The patients studied were subjects for a trial of spinal cord stimulation in multiple sclerosis. All had definite multiple sclerosis according to Schumacher's (Illis et al., 1979) .
CERVICAL SOMATOSENSORY EVOKED POTENTIALS
The method of recording the CSEP has been reported in full . Briefly, recordings were taken from electrodes on the skin at the seventh cervical vertebra and a cranial reference electrode at Fz (10-20 System). The right median nerve at the wrist was stimulated at three times sensory threshold twice per second. The signals were amplified (8 Hz-10 kHz) and analysed by averaging 256-300 epochs with a PDP-12 computer.
Eight patients were studied before and during SCS but the spinal cord stimulator was switched off during the recording. The initial recording was carried out at 3-18 days before spinal cord stimulation and again after 4-22 days of stimulation.
AUDITORY BRAINSTEM EVOKED POTENTIALS
The method of recording auditory brainstem potentials (BAEP) has been described in detail by Thornton (1975a Sohmer and Feinmesser (1967) .
VISUAL EVOKED POTENTIALS
Silver-silver chloride disc electrodes were attached to cleaned skin at positions 01, 02, each condition. Additionally, the stimulator was itself used to provide the "warning" and "imperative" stimuli, replacing in turn the click and train of light flashes, and brief bursts of mechanical stimulation of the skin were similarly employed in place of these two stimuli in an otherwise identical CNV paradigm.
In a subsequent series of experiments, in which seven subjects, including three from the earlier series, participated, the effect of motivation was studied systematically. In this series the subjects' eyes were open and fixated during the CNV trials which were presented in blocks of 10 separated by short rest periods. Before implantation, 20 trials, in which the subject was encouraged to respond to the imperative stimulus as quickly as possible, were followed by another 20 in which this encouragement was omitted, and then another 20 in which it was renewed. After implantation and several days of SCS the sequence of 20 motivated and 20 unmotivated trials alternated for a total of 120 trials. In addition, after every alternate block of 10 trials the stimulator was switched on or off. Artefact-free trials in each of the resulting four conditions were averaged separately off-line with a PDP 12 computer (eight trials from each block of 10).
Results

CERVICAL SOMATOSENSORY EVOKED POTENTIALS
A normal cervical somatosensory potential after median nerve stimulation is shown in fig 1 with the different components N9, NIl, N13, N14, and N20 identified. Figure 2 shows traces from three patients with multiple sclerosis who had SCS. The upper trace of each pair shows the potential recorded during the week before stimulation began, while the lower trace was recorded after four to nine days of continuous stimulation. An improvement towards a normal CSEP is apparent. Figure 3 shows the change in amplitude of the different components of the CSEP in the eight patients studied before and after stimulation. The second recording was done after 4-11 days of stimulation. Particular importance is attached to the N9 potential which was normal in all cases and did not change significantly. N9 is generated by the afferent volley as it traverses the brachial plexus (Jones, 1977 Changes in both amplitude and latencies of responses were found but the most consistent change with multiple sclerosis was the latency of the components. All patients had norrnal audiograms and a normal cochlear nerve response. This indicated that there was no peripheral disorder and an adequate neural input to the auditory brainstem. Figure 5 shows the set of the five main BAEP components recorded from a patient before and after SCS. There were, as is generally found in these cases, variable changes in response amplitude. However, a decrease in the latency of N5 with SCS was noted.
Data were obtained from left and right sides of the heads of 10 patients. Some were tested more than once before and during temporary and permanent SCS, giving a total of 30 results. These gave 11 which showed a statistically significant improvement with SCS; 15 showed a nonsignificant improvement, and four showed a nonsignificant worsening. In one patient, who went through two periods of relapse, the latencies of the BAEP reflected these worsenings and improvements. For each test condition, three repeat measurements were taken. This enabled the consistent events in each waveform to be identified and the mean of the three values was taken to give the latency measure. If the latency after SCS had decreased by more than two standard deviations from the value before SCS, the change was considered significant. The standard deviation values of the latencies were those obtained from normal subjects (Thornton, 1975b) .
Restriction of the analysis to the results obtained from the first time that a patient was implanted gave 20 results (left and right sides from 10 patients) which are summarised in highly significant reduction in response latency was found after SCS.
The repeat measurements taken in each test session showed no significant differences, and no differences in the BAEP were found with the stimulator on or after it had been switched off for short periods of about 10 to 20 minutes. Significant changes were found only after several days had elapsed after the removal of the original temporary implants given to some of the patients. As would Table 3 shows the CNV amplitudes of seven patients before and after SCS, with and without motivation, with the stimulator switched on and off. The combined averages of the seven subjects are shown in fig 6. In table 4 a statistical analysis of the results is summarised and shows a clear difference between the motivated and unmotivated states. There was no difference, however, in the CNV before and after implantation of electrodes and SCS, whether or not the spinal cord stimulator was switched on or off during the later recording session.
Discussion EVOKED POTENTIAL CHANGES IN MULTIPLE SCLEROSIS
The question arises whether the changes in CSEP and BAEP seen in association with SCS are fortuitous or directly related to the stimulation. The CSEP in normal subjects is very stable from day to day and year to year (El-Negamy, 1978 ). All our patients had abnormal evoked potentials but their disease was clinically inactive throughout the time of this study and for the preceding six months. One patient, shown in fig 4, eventually had a relapse and showed a deteriorated CSEP at that time. Matthews and Small (1979) and Robinson and Rudge (1978) studied the evoked potentials of multiple sclerosis patients over periods of up to 42 months. Their findings were that the evoked potentials of clinically "stable" patients did not change unless a relapse occurred. Our own experience has been that, in the absence of a relapse, only minor changes in CSEP amplitude occur in the absence of SCS. If these changes were random and unrelated to SCS one would expect to see increased and decreased CSEPs from time to time unrelated to SCS but no such changes have been observed. Present evidence, therefore, suggests that any change in our patients' evoked potentials would be unlikely unless related to SCS.
CERVICAL SOMATOSENSORY EVOKED POTENTIALS
Abnormal CSEPs have been reported in a high proportion of patients with definite multiple sclerosis . The usual finding was a reduction in amplitude or even absence of a response. Prolonged latency was a less common finding and we have not observed it in this series.
If one can accept that the increased amplitudes are related causally to SCS then whatever systems generate the CSEPs must have been facilitated or enhanced by it. The N9 component is generated in the medial cord of the brachial plexus (Jones, 1977; El-Negamy, 1978) . This potential was constant throughout the study indicating an equal afferent volley on each occasion. The Nl component probably originates in the dorsal horn of the spinal cord and is considered to be equivalent to the N1 cord dorsum potential seen in animals Sedgwick and Soar, 1979) which is generated by synaptic mechanisms in the dorsal horn. It therefore follows that the afferent volley becomes more effective in engaging the dorsal horn synaptic mechanisms after a period of SCS. By the same argument, the generators of N13 and N14 are also facilitated by SCS but the location of these generators is less certain. They are thought to be the nucleus cuneatus for N13 and the thalamus for N14.
AUDITORY BRAINSTEM EVOKED POTENTIALS
The conclusions from these data are similar to those discussed above for the cervical somatosensory responses. In some of the patients, statistically significant improvements, of magnitudes much greater than normal response variability, have been associated with SCS. Similarly the problems remain concerning the mechanisms involved in Hawkes et al. (1978) .
SITE OF ACTION OF SPINAL CORD STIMULATION
These physiological studies were objective measures of central nervous system function at four different levels: the spinal cord (CSEP), the brainstem (BAEP), the primary and secondary visual cortex (VEP), and higher cortical mechanisms (CNV). The observation of changes in potentials towards normal only in the spinal cord and brainstem suggests that SCS has an action at these levels and does not produce its effects by less specific arousal or other mechanisms. Further, ElNegamy and Sedgwick (1978) gave evidence that the Nl1 CSEP was generated by the dorsal horn synapses. The N13 also improves and it has been suggested that this arises from the nucleus cuneatus. Both these sites are locations of the first synapses in the afferent pathway. The N5 of the BAEP is thought to be generated at midbrain level (Buchwald and Huang, 1975; Thornton and Hawkes, 1976) 
